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Abstract: Pulsed laser interaction with small metallic and dielectric particles has been 
receiving attention as a method of drug delivery to many cells. However, most of the particles 
are attended by many risks, which are mainly dependent upon particle size. Unlike other widely 
used particles, biodegradable particles have advantages of being broken down and eliminated 
by innate metabolic processes. In this paper, the perforation of cell membrane by a focused 
spot with transparent biodegradable microspheres excited by a single 800 nm, 80 fs laser 
pulse is demonstrated. A polylactic acid (PLA) sphere, a biodegradable polymer, was used. 
Fluorescein isothiocyanate (FITC)-dextran and short interfering RNA were delivered into many 
human epithelial carcinoma cells (A431 cells) by applying a single 80 fs laser pulse in the 
presence of antibody-conjugated PLA microspheres. The focused intensity was also simulated 
by the three-dimensional finite-difference time-domain method. Perforation by biodegradable 
spheres compared with other particles has the potential to be a much safer phototherapy and 
drug delivery method for patients. The present method can open a new avenue, which is con-
sidered an efficient adherent for the selective perforation of cells which express the specific 
antigen on the cell membrane.
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Introduction
Recent advances in nano/microparticle technology have accelerated the application 
of these particles in biomedicine. Various promising and potential applications of 
these particles have been reported, including tissue engineering,1 diagnostics,2 cancer 
therapy,3 and drug delivery.4,5 However, many papers on the evaluation of risks in the 
use of the particles for biomedical applications are reported. Studies have reported 
nanoparticle-induced inflammation, effects on immunological systems, prethrombosis, 
and genotoxicity, which are dependent on particle size.6 Particles that may induce toxic 
effects at the nanoscale include gold,7,8 silver,9 titanium dioxide,10 and carbon black 
particles.11 Unlike the above particles, biodegradable particles have the advantage of 
degradation and elimination by innate metabolic processes. Biodegradable polymers 
have been widely used for sutures and bone fracture fixation materials in patients 
because of their degradation and nontoxic properties, and therefore biodegradable 
polymers have recently received considerable attention for use in drug delivery.12,13
There is a growing interest in laser interaction with particles for biomedical applica-
tions. Laser-mediated transfection is a promising nonviral method for spatially targeted 
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therapy because of the high spatial controllability of laser 
pulsed energy delivery. Moreover, catheter-based transfection 
may also come into practical use because laser energy can be 
transmitted through an optical fiber.14 Laser irradiation to the 
antibody-conjugated particles which are selectively bound 
to targeted cells realizes tumor detection,15 photothermal 
therapy,3,16 and drug delivery.17,18 The use of a femtosecond 
laser with gold nanoparticles for the cell   membrane perfo-
ration has also been reported.19–21 In this method, collective 
free electron oscillation (surface plasmon) inside the gold 
particle generates a highly enhanced near field, resulting 
in the generation of cavitation bubbles and shock waves in 
the close vicinity of the cell membrane. The use of carbon 
black nanoparticles as an optical absorber for initiating 
carbon-steam reactions has also perforated cell membranes.22 
These methods realize the membrane perforation of many 
cells by a single laser pulse treatment. However, the above 
concerns related to nanoparticle-induced cytotoxicity still 
remain unsolved.
Recently, cell membrane perforation by a focused optical 
far field generated by many dielectric microspheres excited 
by a single femtosecond laser pulse has been reported.23 
Fluorescent molecules and small interfering RNA (siRNA) 
were delivered into many cells in a large irradiated area by a 
single 80 fs laser pulse in the presence of antibody-conjugated 
polystyrene (PS) spheres. The transparent sphere works as 
a microlens,24 and the cell membrane under the sphere can 
be perforated by a focused optical field. This method has an 
advantage in the high throughput in which many cells could 
be treated by laser scanning method.
In this study, the in vitro cell membrane perforation is 
demonstrated by using a biodegradable microsphere, instead 
of PS sphere, excited by an 800 nm femtosecond laser pulse 
to direct the method towards a much safer phototherapy 
and drug delivery outcome for patients. This process is 
based upon a single-shot femtosecond laser illumination to 
optically transparent polylactic acid (PLA) microspheres 
being conjugated to the cell membrane for perforation. PLA 
is a typical biodegradable polymer which can be broken down 
in biological tissue within a few months.25
Materials and methods
simulation system and procedure
The enhanced optical field under the PLA sphere in water was 
calculated by the three-dimensional (3D) finite-  difference 
time-domain (FDTD) method. The simulation system 
consists of a PLA sphere (n = 1.45) in water (n = 1.326). 
A plane laser wave is incident to the sphere with the wave 
vector in the z direction. The incident wave of 800 nm 
in wavelength is linearly polarized along the x-axis. The 
enhanced optical field was simulated around the PLA sphere 
of 250, 500, 1000, and 2000 nm in diameter.
Cell culture
Human epithelial carcinoma cells (A431 cells) were 
obtained from RIKEN BRC (Tsukuba, Japan). The cells 
were cultured as a monolayer in Dulbecco’s Modified Eagle’s 
Medium supplemented with 10% fetal bovine serum under 
a humidified atmosphere of 95% air and 5% CO2 at 37°C. 
The cells were harvested and seeded in glass-bottom culture 
dishes for the experiments.
Cell membrane perforation
Figure 1 shows a conceptual diagram of dielectric sphere-
mediated perforation using femtosecond laser. Spherical 
protein A conjugated PLA spheres, which have a diameter 
of 2000 nm, were mixed with anti-epidermal growth factor 
receptor (EGFR) mouse monoclonal antibody (Thermo 
Fisher Scientific, Fremont, CA). The anti-EGFR antibody can 
Antibody-conjugated
dielectric sphere
Cell
(A431)
Antibody-
conjugated
dielectric sphere
Enhanced
optical field
Cell membrane
Antigen
80 fs laser pulse
Figure  1  Conceptual  diagram  of  dielectric  sphere-mediated  perforation  using 
femtosecond (fs) laser. 
Notes:  Biodegradable  spheres  are  conjugated  to  cell  membrane  via  antigen–
antibody interaction. Femtosecond laser illumination to the spheres generates a 
strongly enhanced optical field under the sphere for perforation.
submit your manuscript | www.dovepress.com
Dovepress 
Dovepress
2654
Terakawa et alInternational Journal of Nanomedicine 2012:7
be employed to target overexpressed EGFR on A431 cells. 
The mixture was stirred for 25 minutes at room temperature. 
After the removal of unbound antibody by centrifugation for 
10 minutes at 10,000 rpm, the conjugated PLA microspheres 
were resuspended in phosphate-buffered saline (PBS) and 
added to A431 cells. The cells were incubated for 40 minutes 
at 37°C and washed three times with PBS to remove the 
unbound microspheres. The uptake of the microspheres by the 
cells was not observed in the incubation time of 40 minutes 
in this study.
A Ti:sapphire chirped pulse amplification laser system 
(Libra, Coherent, Santa Clara, CA), which generates 80 fem-
tosecond (fs) laser pulses at 800 nm central wavelength, was 
used in the experiments. Photons at wavelength of 800 nm can 
penetrate deeply into tissue due to the low optical absorption 
and relatively low scattering coefficients. The laser beam was 
weakly focused by using a plano-convex lens (f = 200 mm) 
to a laser spot size of 300 µm. The cells were illuminated by 
a single shot of the linearly polarized laser from the top side 
of the cells. The fluorescein isothiocyanate (FITC)-dextran 
(20 kDa, Sigma, St Louis, MO) and Alexa Fluor-labeled 
siRNA (15.5 kDa, Qiagen, Chatsworth, CA) were used for 
the evaluation of the permeabilization. The FITC-dextran 
solution (0.1 mM) or the siRNA solution (5 µM) was added to 
the cells just before the 80 fs laser illumination. Two minutes 
after the illumination, the solution was removed and the cells 
were washed three times with PBS. Fluorescent molecules 
uptaken by the cells were observed by using a fluorescence 
microscope (Eclipse Ti-E, Nikon, Tokyo, Japan). The cell 
viability was evaluated by a trypan blue dye exclusion test.
Results and discussion
Figure 2 shows the optical intensity distribution at 800 nm 
wavelength under the PLA microsphere calculated by the 3D 
FDTD method. The optical near field in the vicinity of the 
PLA sphere with diameters of 250 and 500 nm is governed 
mainly by the Mie scattering process. The optical enhance-
ment by the Mie scattering is basically dependent upon the 
size parameter α = 2πR/λ, where R is the sphere radius and 
λ is the incident wavelength. The low enhancement factors 
obtained with sphere diameters of 250 and 500 nm are attrib-
uted to the off-resonant Mie scattering regime and the low 
refractive index difference between PLA sphere (n = 1.45) 
and water (n = 1.326) at 800 nm wavelength.24,26 The underly-
ing physics for enhanced optical field under the sphere shifts 
from Mie resonance scattering domain to microlens effect 
with the increase of the sphere diameter. The enhancement 
factor obtained with the PLA sphere diameter of 1000 nm 
is 4.0 in relation to the incident optical intensity, while that 
obtained with the PS sphere of 1000 nm diameter is enhanced 
to be 8.4.23 The higher enhancement factor with the PS sphere 
is explained by the higher refractive index of the PS sphere 
(n = 1.577) compared with the PLA sphere.26 The PLA 
sphere of 2000 nm diameter mainly behaves as a microlens 
and the optical intensity is enhanced by a factor of 9.7 in 
relation to the incident optical intensity at 870 nm under the 
sphere (Figure 2D). Based on the optical intensity distribu-
tion, the spheres conjugate to the top surface of the cell work 
for the perforation, while those conjugate to the side surface 
may not. The full width at half maximums (FWHMs) on the 
x- and y-axes were 609 and 551 nm, respectively, suggest-
ing that the submicrometer pores may be formed on the cell 
membrane.
According to the calculated optical intensity, the PLA 
sphere of 2000 nm in diameter was used for the in vitro 
experiments.
Figure 3 shows a phase contrast image of the A431 cells 
and the PLA microspheres taken before the laser illumination. 
As can be seen in the figure, the spheres of 2000 nm diam-
eter conjugated to the A431 cells, which are 40–50 µm in 
size. The average number of spheres conjugated to the cell 
membrane is 51.
Figure 4 shows fluorescence images (A and C) and phase 
contrast images (B and D) of the cells after the 80 fs laser 
illumination at the laser fluence of 1.06 J/cm2, corresponding 
to the peak intensity of 1.29 × 1014 W/cm2 under the sphere. 
The corresponding incident energy to the fs laser illuminated 
area (300 µm in diameter) is 0.75 mJ. Figure 4A and B 
show experimental results obtained with the FITC-dextran, 
while Figure 4C and D show those obtained with the siRNA. 
The average number of cells in the fs laser illuminated area 
was 221. Many cells in the illuminated area showed fluo-
rescence, demonstrating the increase in the cell membrane 
permeability. The average perforation efficiency, which 
was defined as the fraction of cells in the irradiated area that 
took up exogenous molecules, evaluated by using FITC-
dextran at this laser fluence, was 26.4% ± 7.5% (N = 5), 
while that evaluated by using siRNA was 34.9% ± 6.5% 
(N = 7). No statistically significant difference was observed 
in the perforation efficiencies with FITC-dextran and 
siRNA (P . 0.05 in nonparametric Mann-Whitney test). 
The perforation efficiency obtained by using PLA spheres 
is comparable to that shown in a previous study using PS 
sphere,23 demonstrating the effectiveness and applicability 
of biodegradable polymer for the perforation. As shown 
in Figure 2H, the PLA sphere of 2000 nm diameter works 
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Figure 2 (A–D) Optical intensity distributions on the yz plane simulated by the three-dimensional finite-difference time-domain method for PLA spheres of different 
diameters: (A) 250 nm, (B) 500 nm, (C) 1000 nm, and (D) 2000 nm. A plane wave is illuminated to the sphere with the wave vector in the z direction. The incident wave 
of 800 nm in wavelength is linearly polarized along the x-axis. (E–G) Optical intensity distributions along (E) the z-axis under the sphere, (F) the x-axis under the sphere on 
the peak intensity, shown as red horizontal line in A–D, and (G) the y-axis under the sphere on the peak intensity. (H) Relative positions of focused far field, PLA sphere, 
and cell membrane on yz plane in the case of 2000 nm PLA sphere. 
Note: Dashed circle and gray plane indicate the positions of the PLA sphere and the cell membrane, respectively. 
Abbreviations: FWHM, Width at half maximum; PLA, polylactic acid.
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as a microlens and the focused intensity (far field) is kept 
high for distances longer than a few micrometers under the 
sphere, reaching a peak value at 870 nm under the sphere. The 
  distance between the antibody-conjugated sphere and the cell 
membrane is several tens of nanometers. The long-focused 
zone of the sphere conjugated to the top surface of cell mem-
brane is considered to be in the cytoplasm. Therefore, it is 
highly probable that the mechanism for perforation is not 
only due to the ablation of cell membrane.
Figure 5 shows the dependence of perforation efficiency 
and the survival rate on the laser fluence. The estimated peak 
intensity under the PLA sphere which was derived from 
Figure 2 is also shown in the figure. At the laser fluences 
lower than 0.8 J/cm2, the perforation efficiency was lower 
than 10%. The perforation efficiency was steeply increased 
at the laser fluences exceeding 0.88 J/cm2, in which the 
corresponding peak laser intensity under the sphere is higher 
than 1.08 × 1014 W/cm2. In a previous study23 using PS sphere 
of 1000 nm in diameter, the steep increase in perforation 
efficiency was observed at 1.11 × 1014 W/cm2. These results 
suggest that the perforation is governed by the optical 
intensity under the sphere. At laser intensities of between 
1013 and 1014 W/cm2, nonlinear optical interactions with 
liquid and solid media, such as self phase modulation, self-
focusing, multiphoton absorption, white-light continuum 
generation, laser-induced breakdown, laser ablation, are 
observed.27–29 The utilization of a fs laser at such intensities 
realizes dissection of axon,30 ablation of corneal stroma,31 
and protein crystallization.32 It was reported that the peak 
pressure produced by fs laser-induced breakdown reaches 
Figure 3 Phase contrast image of the A431 cells before laser illumination. 
Note: The polylactic acid spheres with a diameter of 2000 nm conjugated to the 
surface of the cells.
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Figure 4 Fluorescence (A and C) and phase contrast (B and D) images of A431 cells perforated by using antibody-conjugated polylactic acid spheres irradiated by a single fs 
laser pulse at 1.06 J/cm2 in the presence of fluorescein isothiocyanate-dextran (A and B) and Alexa Fluor-labeled small interfering rNA (C and D). 
Note: Dashed circles (300 µm diameter) indicate the laser irradiated area.
Abbreviation: fs, femtosecond.
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several hundreds of MPa.33 The peak pressure generated by 
the femtosecond laser-induced breakdown is much higher 
than that used for transfection by using a nanosecond 
laser-induced stress-wave.34,35 Although the membrane 
permeabilization depends not only on the peak pressure but 
also on the rise time and the impulse (temporal integration 
of pressure),36,37 it is highly probable that the femtosecond 
laser-induced cavitation bubble and the shock wave, as 
well as ablation of cell membrane, contributed to the cell 
membrane perforation with the peak intensity at 1014 W/cm2, 
which is higher than the experimental breakdown threshold 
in water (5.6 × 1013 W/cm2).38 As can be seen in Figure 5, 
at laser fluences lower than 0.8 J/cm2 a slope of 0.61 is 
obtained, while at laser fluences higher than 0.88 J/cm2 the 
slope is 1.69. At laser fluences lower than 0.8 J/cm2 with 
the slope of  0.61, liquid water absorbs laser photons mainly 
as a linear absorption process. The absorption coefficient 
of liquid water at 800 nm is as small as 0.01 cm−1. In this 
low fluence domain, the laser heating process may govern 
the perforation process. While at the higher laser fluence 
domain, the laser absorption process is mainly due to the 
two-photon nonlinear optical process. Actually, the cornea 
ablation by fs laser is reported at approximately 1 J/cm2.39 In 
the present study, the high perforation rate is achieved by the 
two-photon absorption process. The survival rate was defined 
by the fraction of the cells in the illuminated area that stained 
with trypan blue. The survival rate slightly decreased with the 
increase of laser fluence, but it showed still higher than 95% 
at the highest laser fluence of 1.24 J/cm2 (1.50 × 1014 W/cm2 
under the sphere). A slight decrease in the survival rate 
may be due to the excessive number of pores on the cell 
membrane for the cells which have too many spheres on 
the membrane.
Figure 6 shows a comparison of the average perforation 
efficiency for the four sets of the experimental conditions. 
The perforation efficiency by the 80 fs laser illumination 
with the PLA spheres conjugated to the cell membrane was 
significantly higher than the three other conditions. Under the 
condition of the cells without antibody (ie, 80 fs laser illu-
mination without the conjugation of the PLA microspheres 
to the cell membrane), the perforation was not observed. 
The unbound microspheres were washed out before the laser 
illumination because of the lack of the antigen–antibody 
conjugation. For the cells illuminated with 80 fs laser without 
the PLA spheres, no perforation was observed. For the cells 
without the illumination of the 80 fs laser, no perforation 
was observed. Therefore, combination of the 80 fs laser 
illumination and the conjugation of the PLA spheres to the 
cells by antigen–antibody reactions were found necessary 
for the cell perforation. Based on the calculated optical 
intensity, the high focused intensity is kept nearly constant 
for distances longer than 1 µm. Therefore, PLA spheres 
that are deposited on the cell surface or loosely associated 
with unwashed cells also work for the perforation when the 
pulsed laser is illuminated. Considering in-vivo therapy, PLA 
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Note: A single 80 fs laser pulse was irradiated at 1.06 J/cm2 (1.29 × 1014 W/cm2 under 
the PLA sphere). 
Abbreviations: fs, femtosecond; PLA, polylactic acid.
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spheres are accumulated in the close vicinity of targeted 
cells by antigen–antibody reactions. Antibody works for the 
cell targeting, and then the laser illumination initiates the 
perforation. These results indicate that the present method can 
open a new avenue, which is considered an efficient adherent 
for the selective perforation of the cells which express the 
specific antigen on the cell membrane.
Conclusion
In this study, in vitro cell membrane perforation was dem-
onstrated by using an antibody-conjugated biodegradable 
microsphere illuminated by a single 800 nm, 80 fs laser pulse. 
FITC-dextran and siRNA were delivered to human epithelial 
carcinoma cells (A431 cells) by applying an 80 fs laser pulse 
in the presence of antibody-conjugated PLA microspheres. 
This method has the advantage of high throughput, in which 
many cells can be treated by laser scanning method. The 
number of pulses for treatment area of 1 cm2 was 1415, 
which can be achieved in 1.4 seconds at the laser repetition 
rate of 1 kHz. The enhancement factor obtainable under the 
sphere is dependent on the diameter and the refractive index 
of the sphere. Biodegradable polymers which have a higher 
refractive index than PLA, such as polylactic-co-glycolic 
acid, are potential candidates to be used in future study. The 
present method, using biodegradable microspheres, can 
open a new avenue for safer phototherapy and drug delivery 
in humans.
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